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ABSTRACT 

In^jact crater scaling laws are used to predict the diameter and 

amount of melt produced in impacts on quartz sand of projectiles with 

mass from 100 gm to 100 kg and velocity from 20 - 40 km/sec. A one 

dimensional cooling model incorporating conduction, change of phase, and 

radiation is used to predict the cooling history of the crater. Several 

possible initial distributions (exposed to surface, shallow or moderate 

burial by cooler material) of the impact melt are considered. Infrared 

spectra are calculated for the modeled surface temperature distribution 

at several times during the cooling. The impact IR signature is 

prominent in the wavelength range 1.5 - 6 n against the lunar nightside 

background. The optimum wavelength for detecting the smallest accessible 

impact is between 3 and 4 n- It is found that the maximum signal 

strength is dependent on the initial distribution of melt as well as 

impact energy. The duration of the signal above a minimum detectability 

threshold is proportional to intact energy with only modest dependence 

on the initial melt distribution. Basic design requirements and 

capabilities for sensors to detect the inpact signature from lunar orbit 

and earth orbit are considered. The lunar orbiting sensor can detect 

impacts as small as ~50 gm. With a field of view covering -640000 km^ a 

rate of approximately 2 events per week might be expected. An earth 

orbiting sensor could detect iit^acts of ~100 gm at the sub earth point. 

Larger impacts could be detected closer to the lunar limb. Monitoring a 

large fraction of the nighttime hemisphere visible from earth orbit, the 

observable event rate is similar to that from the lunar orbiter. Ground 

based observation at wavelengths between 2 and 2.4 ̂  could detect ~2 kg 

impacts with an event rate estimated at 1 per 400 hours observing time. 
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1. INTRODUCTION 

The prospect of large SCALE and long term human presence in 

space during the next century provides a practical need for improving 

our understanding of the population of the smallest objects in the 

solar system (sub micron to tens of meters). At present much of this 

population (>lmm) is understood primarily by extrapolating from studies 

of objects outside this size range. 

Our current knowledge of the population of small bodies in the 

Solar System (< 1 km) comes largely from studies of their impacts with 

other bodies of interest [Carr (1984), Greeley (1985)]. Cratering 

of planetary and satellite surfaces has left a permanent record of 

impacts since the early history of the Solar System. Direct measurement 

of microinpacts by Earth orbiting and interplanetary spacecraft and 

studies of the zodiacal light provide information about the current flux 

of submilliraeter sized objects near the ecliptic plane [Grun (1985)]. In 

recent years direct telescopic detection of sub kilometer sized objects 

during near Earth encounters has become possible. This provides detailed 

orbital information about these Earth approachers. However the size 

range between about 1mm and 1km remains very poorly sampled. 

Limited Image resolution has restricted planetary crater 

studies to craters larger than several meters for the Moon and a few 

hundred meters for the highest resolution images of the other bodies we 

have visited [Greeley (1985)]. These correspond to inpactor masses 

greater than a few hundred kg (~half meter) for lunar craters and 

several thousand kg (>1 meter) for the other bodies. Obtaining impact 

rates from crater studies is complicated by uncertainties in the age of 

the surfaces under study. In the case of extremely ancient surfaces 



9 

there is the further con^lication of the much higher cratering rate 

during the early history of the Solar System. 

During the 1970s several seismometers placed on the Moon during 

the ̂ ollo program recorded in^acts of objects as small as a few 

kilograms [Gault et al (1974)]. Virtually all planetary missions have 

included impact sensors for studying dust in the interplanetary medium. 

Except for some spacecraft measurements of interplanetary dust 

these sources provide information about the total energy of the impacts 

but do not distinguish between projectile velocity and mass. Dynamical 

considerations of the particle population producing the iit^acts often 

provide reasonable constraints on the velocity distribution. 

Laboratory simulations of impacts are restricted to 

particle masses of a few grams and velocities less than 6 km per second, 

less than the Earth's escape velocity. While useful for studying impact 

processes caution is needed in extrapolating to the higher velocities 

encountered in planetary impacts and space based operations [Love et al 

(1993)]. Critical processes not produced in laboratory experiments are 

the production of significant amounts of melt and vaporization during 

the impact. Because of the mass and velocity limits in laboratory 

inpacts there is also limited opportunity to study the pressure and 

energy distribution during the intact. These have been studied mainly in 

numerical simulations [O'Keefe & Ahrens (1982)] and from field studies 

of irr^jact sites on earth. [Grieve (1987)] 

Recent advances in infrared sensor technology open the possibility 

that the thermal emission from in5>acts on the lunar surface should be 

detectable. In the rest of this paper I will show that impact melt from 

craters produced by kilogram sized projectiles produces a characteristic 

IR signal of sufficient strength and duration to be detected from a 
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lunar orbiting spacecraft. I will present a model of melt formation and 

cooling and couple this with estimates of the IR spectral signature of 

such impacts. 

Information about the current flux of particles of sizes from the 

minimum detection limit (which will be estimated) up to several 10s of 

kg can be gained by monitoring a large fraction of the lunar surface 

(4x10^ km^) over a 1 year period. A catalog of fresh intact sites for 

eventual on site study would also be produced. 
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2. THE IMPACT PROCESS 

The impact process can be broken down into 3 stages: contact and 

compression, excavation, and crater modification. During the first 

stage most of the initial projectile kinetic energy is transferred to 

the target as internal and kinetic energy. The material compressed and 

displaced by the impact shock wave vigorously expands producing the 

excavation flow. This flow entrains material with widely varying shock 

history producing the con^lex mixing and redistribution of material 

found by field studies of terrestrial craters. [Grieve (1987)]. This 

mixing greatly coit^licates the determination of the thermal distribution 

in and around the crater following the impact. In the modification stage 

slumping or collapse of the crater walls can further modify material 

distribution and bury initially exposed melt. The details and complexity 

of modification and final crater morphology is highly dependent on 

crater size. However, the small craters of interest in this study 

undergo substantially less modification than larger craters. Craters 

produced in the laboratory tend to retain the transient form produced at 

the end of the excavation flow with no modification or slunping [Melosh 

(1977)]. There is some upper size limit beyond which slunping and wall 

collapse takes place, probably dependent on both target material 

properties and gravity. The transition between these *frozen in' 

transient craters and normal simple craters which undergo some wall 

collapse has not been investigated at this time. In this study it is 

assumed that no modification or slumping takes place. 

Toward the end of contact and compression a high tenperature vapor 

plume is produced. Much or all of the projectile and a comparable mass 

of target material is vaporized by the shock pressure of the initial 

contact. [Melosh et al (1993)] give results that suggest this flash from 
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kilogram and larger impacts could be detected from lunar orbit. This 

process is not considered in this study but could play a role in an 

observing strategy. 

Substantial additional target material is vaporized when the 

impact velocity is above a threshold of about 35 km/s [O'Keefe & Ahrens 

(1982)]. Most objects originating from the population of Earth crossing 

asteroids (orbital eccentricity < .4) do not have intact velocities this 

large. However objects with higher eccentricity or inclinations well 

away from the ecliptic such as cometary debris can have velocities as 

large as ~50 km/s. Though this fireball substantially augments the 

initial flash only a relatively small fraction of the total impact 

energy is dissipated by radiation from the vapor plume. 

During excavation the ejecta kinetic energy represents -25% of the 

initial impact energy. By the late stages of excavation somewhat more 

than half of the initial energy remains as internal energy of the 

target. This melted and heated solid material then cools by radiation to 

space and conduction to its surroundings. 

IMPACT AND CRATER PROPERTIES 

Several crater scaling relations have been developed over the 

years [Gault et al (1975), Schmidt (1980), Holsapple & Schmidt (1982)]. 

Most take the form of a power law relating intact energy to crater 

diameter; W « D®. a usually has a value of approximately 1/3. One 

current approach is based on Buckingham's Pi theorem. The Pi group 

scaling relations are based on a set of dimensionless ratios of several 

impact properties such as projectile density, mass, and velocity, target 

density and strength, and surface gravity on the target body. The 
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functional dependence of one dimensionless parameter on the others must 

be determined experimentally. 

The important Pi group ratios are 

/' \I/3 

= 1-61-r 

x̂,r = 

^ p = -
p. 

For small inpacts on lunar regolith the target material strength Y is 

negligible. Experimental measurements [Schmidt (1980), Schmidt & Housen 

(1987)] show that % is dependent on itgrav and is well fit by a power law 

with the power and proportionality constant dependent on the target 

material. 

giving 

D = C 

f ^1/3/ 
m 

1.6 
V > \P.J 

For quartz sand (assumed to approximate lunar regolith) C=1.4 and 

P=.16. 

The amount of excavated material can be estimated by assuming a 

parabolic profile for the initial crater giving 
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h is the depth, generally about 1/3 Do giving V = 1/24 reDo^. If the 

initial profile is assumed to be spherical rather than parabolic the 

volume is about 15% greater. 

Above a threshold velocity the mass of melt produced 

is proportional to the projectile's kinetic energy. [O'Keefe & Ahrens 

(1982)] For a target of gabroic anorthosite they found 

My 
M^„ =14 '  mtb — - 17 

with threshold velocity of -12 km/s. The porous lunar regolith should be 

somewhat more easily melted by impact shock than the material they 

considered. Emeit is the energy of melting. The inpact must provide 

energy to heat material to Tneit as well as the latent heat of melting. 

In the case of Lunar regolith initially at 150K the latent heat of 

melting is of the order 30% of Eneif 

The total impact yield is simply the kinetic energy of the 

projectile at the time of impact. 

1 2 W = -mv^ 

INITIAL MELT AND THERMAL DISTRIBUTION 

The impact and crater formation process has been studied through 

both laboratory and numerical methods. Laboratory methods involving 

small projectiles fired from low molecular weight gas guns are limited 

to velocities and masses considerably less than those of interest in 

astronomical events. It is straightforward to scale these results to 

larger masses but considerable caution is needed when extrapolating to 
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higher velocities as critical values of conyression (e.g. to produce 

significant quantities of melt) are not achieved. 

Numerical studies using detailed hydrocode models are restricted 

by limitations in confuting power. They can give information about shock 

pressure and heating generated during the contact and compression stage 

in a few hours but to follow the shocked material through the excavation 

phase would require several weeks of confuting time on current high 

performance workstations. Another approach is needed to follow the 

excavation flow from the compression stage to the final distribution of 

material. The Maxwell Z model [Maxwell (1977)] is a single analytical 

model describing the excavation flow. With proper choice of parameters 

it gives good agreement with observed impact flow fields. However, it 

has limited ability to reliably reproduce the fine details. 

As a detailed hydrocode simulation of crater formation through the 

late stages of excavation is currently impractical several idealized 

cases of impact melt distribution were considered. For all cases it is 

assumed that half of the impact melt produced is excavated and deposited 

in the ejecta blanket where it is buried and mixed with material that 

has experienced minimal heating. Thus this material is not considered to 

contribute significantly to the IR spectrum and is ignored. 

The melt remaining in the transient crater is assumed to be 

distributed more or less uniformly on the crater surface. Initial 

temperature profiles for a uniform distribution over the area of the 

crater and for a concentration of melt in a central zone were used. The 

impact shock should heat a substantial volume of material within the 

crater to temperatures well above the local ambient but less than the 

melting ten^erature. This amount of heated material is substantially 
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underestimated in the computations below so the estimated duration of an 

observable signature should be conservative. 

THE COOLING MODEL 

Predicting the post impact IR signature requires modeling the 

thermal history of the target following crater formation. Heat loss 

through radiation from the surface and conduction into the surrounding 

lunar crust as well as the release of latent heat of crystallizing 

melt must be considered. A 1 dimensional model incorporating these 

mechanisms was used for estimating the surface temperature. The target 

was divided into zones of differing thermal structure and the model 

applied to each zone to determine its surface temperature and thermal 

spectrum. As the target is not spatially resolved the spectra of the 

various zones are weighted by their area and summed to produce the total 

target spectrum. 

Fourier's law of heat conduction in 1 dimension gives 

where q is heat flow per unit area per unit time and k is thermal 

conductivity in Watts/m/°K. Considering the heat flow through a thin 

slab of thickness 5y 

where p is density, c is specific heat, x is time. Substituting gives 

q is related to material properties and temperature 
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ffT _k d^T 

dx pc 

which can be integrated to find changes in an initial temperature 

distribution due to conductive heat transport. This is a diffusion 

equation. The numerical solution of this class of parabolic partial 

differential equations has an extensive literature. [Press (1989), 

Camahan (1969)] 

For numerical integration the derivatives are replaced by 

finite difference expressions. 

The conduction equation can be written in explicit finite difference 

form as 

where T on the left side is for time T+5t. When this single explicit 

finite difference scheme is used a constraint of M S 2 must be met for 

numerical stability. Alternate approaches using iii:5>licit finite 

difference schemes avoid the danger of instability [Press (1989), 

Carnahan (1969)] however it is still necessary to have sufficient 

spatial and temporal resolution in the grid to adequately represent the 

steep temperature gradients that occur near the surface and at the 

boundary between melt and solid. 

For the surface radiating as a blackbody 

dr 6r 

^j-Sf ^y*df g ̂  _ ̂ j-Sy ̂  ̂y*d, 
dy"- ~ S^y 
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q„=-aT* =pc—Sy 

is the heat flux leaving the surface. This is coupled to the interior by 

•f' M kM * 

to give T at x+5x on the surface. 

For a simple single conponent material the phase change of 

freezing melt is handled by computing an enthalpy per unit mass for each 

grid point as 

J'Tmtb fr 
ccfT+L + L cjJT 

0 "'Tmeit " 

L is the latent heat of melting, Cj, is the specific heat of the melt. 

For this study c and Cj, are taken to be independent of T. For a solid 

only the first term is used and the upper limit of integration is T 

instead of Tmcic- Two critical values of E are those for the onset and 

completion of melting or crystallization while the material remains 

at Toeic. 

The conduction equation assumes a single phase medium. As part of 

the grid initialization and at each timestep the enthalpy of each grid 

point is calculated as well as the ten^erature. When the heat conduction 

equation causes the tenperature to change its equality to T^it (greater, 

less, or equal) during a timestep the new temperature is found from the 

change of enthalpy. The new enthalpy is 

=^r + ̂Ar 

where AT is the change in temperature initially found. If the enthalpy 

changes with respect to either of the critical values then 

crystallization or melting is complete within that grid cell and the 

temperature may change. 
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This allows tracking the state of a solid-melt mixture. Once all 

melt in the grid has crystallized the enthalpy is no longer needed. 

VERIFICATION OF THE MODEL 

There are a few simple tests of the validity of the cooling 

model's results. The heat flux at the surface calculated from the 

temperature gradient should match the radiative flux given by the 

surface tenperature. This gradient can be calculated from 2, 3, or more 

grid points starting at the surface [Carnahan (1969)] e.g. 

T -T ^1 ^ifc K 
4" dy 

L.AT —11 
sfo 

sfc 

-27;+4ri-3r. 

2dy 

Once the model is initialized and running the flux as calculated from 

these estimates of the gradient should be in close agreement with each 

other and the blackbody flux from the surface. Because of the extreme 

thermal gradients early in the cooling and the finite grid spacing this 

agreement is not achieved until after several timesteps. While melt 

{assumed to be isothermal) is present near the surface the 3 and 4 point 

estimates of the gradient are incorrect. After this initialization stage 

(and after all melt has crystallized) close agreement (<1%) between the 

radiation flux and 3 and 4 point estimates is maintained. The behavior 

of these estimates of surface flux throughout the cooling is 

illustrated for two different impact energies and initial thermal 

profiles in tables 1 and 2. 

By setting the temperature of the bottom grid point equal to the 

point above it an insulating lower boundary is achieved. A single test 
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of conseirvation of energy is then possible by keeping track of the total 

radiated flux and the current value of enthalpy within the grid. 

Conservation of energy better than 1% during the two integrations is 

also presented in tables 1 and 2. 

There are a few special cases which have some similarity to the 

situation of the cooling impact target and for which analytic solutions 

are known [Carslaw & Jeager (1959)]. Two variations of Stefan's problem 

are of interest: The solidification of a magma dike and the freezing of 

a liquid with the surface held at a constant temperature. These allow 

verification of the crystallization calculation. The two cases have 

similar solutions. 

The first case has the solution 

^ erfchl) 

erfci^J 

where satisfies 

exp(-7̂ ) 

V^erf({ri^ 

and © is defined as 

r-r„ 
0 =  

T„-T, 

To is the initial temperature of the surrounding rock, figure 1 shows 

the close agreement of the model with theory throughout the region being 

modeled. A prediction that the temperature at the initial boundary 

remains constant while crystallization is occurring is also illustrated. 

This ten^erature is predicted to be 

0 = 
^boundary .J \ 



Table la: Conservation of energy (internal plus radiated energy) in the 
profile 2s, 1 kg, 20kin/sec impact is shown. 

zone 1 Q zone 2 Q T sec timesteps 
8 .376e+06 3 ,081e+06 0. 00 0 
8 .376e+06 3 .081e+06 0. 03 2 
8 .376e+06 3 .081e+06 0. 12 8 
8 .376e+06 3 .079e+06 0. 48 32 
8 .376e+06 3 .079e+06 0. 96 64 
8 .374e+06 3 .079e+06 1. 92 128 
8 .374e+06 3 .079e+06 3. 84 256 
8 .374e+06 3 .079e+06 7. 68 512 
8 .373e+06 3 .079e+06 15. 36 1024 
8 .374e+06 3 .079e+06 30. 72 2048 
8 .380e+06 3 .081e+06 61. 44 4096 
8 .393e+06 3 .086e+06 122. 88 8192 

Table lb; Con^arison of surface black body radiation flux with the 
conductive heat flux calculated from the ten^erature gradient for the 
inner zone using 2, 3, and 4 point finite difference approximations. 
Flux is in watts/m^. The melt is fully crystallized by timestep 64. 

. K dT/dz . 
BB flux (2) (3) (4) t sec # steps 
-347975. -306721. -460081. -562322. 0.03 2 
-345099. -345093. -517640. -632671. 0.12 8 
-345099. -345099. -517648. -632681. 0.48 32 
-323151. -246900. -379757. -356009. 0.96 64 
-130055. -76490. -131269. -131437. 1.92 128 
-48744. -26252. -48971. -49036. 3.84 256 
-17522. -8683. -17559. -17579. 7.68 512 
-6375. -3061. -6381. -6386. 15.36 1024 
-2452. -1243. -2453. -2454. 30.72 2048 
-1028. -594. -1029. -1029. 61.44 4096 
-487. -344. -487. -487. 122.88 8192 
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Table 2a; Conservation of energy (internal plus radiated energy) in the 
profile 2d, 100 kg, 40kin/sec impact is shown. 

zone 1 Q zone 2 Q T sec timesteps 
.711e+08 7 .078e+07 0. 00 0 
.711e+08 7 .078e+07 10. 00 2 
.711e+08 7 .078e+07 40. 00 8 
.711e+08 7 .079e+07 160. 00 32 
.711e+08 7 .080e+07 320. 00 64 
.711e+08 7 .079e+07 640. 00 128 
.711e+08 7 .079e+07 1280. 00 256 
.711e+08 7 .078e+07 2560. 00 512 
.711e+08 7 .078e+07 5120. 00 1024 
.711e+08 7 .078e+07 10240. 00 2048 
.712e+08 7 .083e+07 20480. 00 4096 
.714e+08 7 .092e+07 40960. 00 8192 

Table 2b: Comparison of surface black body radiation flux with the 
conductive heat flux calculated from the tert^erature gradient for the 
inner zone using 2, 3, and 4 point finite difference approximations. 
Flux is in watts/m . The melt is fully crystallized by timestep 32. 

• • • • K dT/dz » • • • 

BB flux (2) (3) (4) t sec # steps 
-840. -571. -448. -2308. 10.00 2 
-956. -7703. 1107. -2077. 40.00 8 
-7921. -15618. -7651. -7345. 160.00 32 

-19708. -21690. -19542. -19416. 320.00 64 
-21368. -20805. -21479. -21389. 640.00 128 
-13086. -12485. -13157. -13114. 1280.00 256 
-6139, -5827, -6159. -6147. 2560.00 512 
-2600. -2467, -2605. -2602. 5120.00 1024 
-1096. -1044, -1097. -1096. 10240.00 2048 
-488. -469, -488. -488. 20480.00 4096 
-241. -235. -241. -241. 40960.00 8192 
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The solution of the second case is very similar, 

here satisfies 

exp(-?7̂ ) _ L^Jlr 

rj.erfirĵ ) c(r„-r̂ ,.) 

IMPACT AND BACKGROUND SIGNATURE 

After the inpact the surface temperatures of the various zones of 

the crater produce a thermal spectrum given by the Planck radiation 

equation 

2c^h 1 

A' ( he 
exp - 1  

Which gives the thermal radiant exitance (W/m^) as a function of 

wavelength and temperature. 

The impact signal is to be detected against the background of 

other radiation sources within the field of view of the detector. 

Possible sources are thermal radiation from the surrounding surface 

(lunar nighttime temperature of 125-150 °K) and reflected radiation. The 

thermal background sets the long wavelength limit of the wavelength 

interval in which the impact can be measured. 

The only major potential source of reflected radiation during 

lunar night is indirect solar radiation reflected from Earth. The earth 
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facing hemisphere is subjected to earthshine which is a maximum at the 

subearth point at new moon (full earth). The radiance L of an 

illuminated lambertian sphere is 

L = (W/m^ /sr) 
7C 

E is radiant incidence (equivalent to the value of the solar constant 

at 1 AU of 1370 W/m^) and p is albedo. The irradiance on a surface 

exposed to this is 

E^ = LQ. (W/m^) 

n is the solid angle covered by the source. Earth viewed from the Moon 

has an angular diameter of about 2° giving = 8.9e-4 sr. This 

earthlight is then reflected from the lunar surface with a radiance of 

T 
;r 

Combining everything gives 

, _PePnfisc^ 
~ n'-

or 

E„ = (W/m^) 
TT 

For the Earth and Moon Pm = .07, 0^=8.86x10"*, pe is in the range .1 - .5 

depending on wavelength, season, and the geographic region facing the 

observer [Wolfe & Zissis (1985)]. For the wavelength range of 1-4 (jm 

Pe=.ll is used. 

The earthshine background sets the short wavelength limit on the 

useable wavelength interval for measurements of the impact. However it 

is only a factor for the lunar nearside. For a spacecraft observing from 

overhead it decreases away from the subearth point as the cosine of the 



25 

Earth's elevation angle. It is approximately proportional to the 

illiiminated fraction of the Earth's disk. Hence it is of importance over 

roughly 1/4 of the total lunar surface. When earthshine is not present 

the short wavelength limit is a function of the sensitivity and spectral 

response of the detector. 
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Figure 1 

The agreement between the cooling model (solid line) and the exact 
solution of one version of Stefan's problem (dashed line). The 
crystallization of a molten intrusion into a rock layer of uniform 
temperature is similar to the cooling of a layer of intact melt 
overlying the lunar surface. Here the melt initially extends from a 
depth of .02 to .21 meters. The temperature in the lower part of the 
melt layer and the adjacent material from the numerical integration 
closely matches the theoretical solution until all of the melt layer has 
solidified. 

The top layer and surface boundary condition are part of a comparison 
with another vairant of Stefan's problem not shown. 
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Figure 2 

Several different initial thermal profiles are used for calculating the 
crater IR signatures. 

The crater is divided into two zones; an inner zone extending from the 
center to 71% of the crater radius, and an outer zone consisting of the 
outer 29% of the crater radius. 

Profile 2s places the melt on the surface. The inner zone (solid line) 
has a melt layer 3 times as thck as the outer zone (dashed line). 
Profiles 2c, 2d, and 2e bury the melt layers of 2s under successively 
thicker layers of cooler material. 

A profile Is (not shown) with the melt on the surface and an equal 
thickness of melt in the two zones was also considered. 

All of the profiles contain approximately equal total thermal energy. 

Depth is shown as grid nianber. For each integration the grid size is 
scaled proportionally to the thickness of the melt layer. The full grid 
has a depth of 130 cells. 
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3. METHOD AND RESULTS 

GENERATING THE IMPACT SIGNATURES 

These scaling laws are the basis of the crater and melt production 

model. The material properties and intact parameters used are: 

Projectile masses of .1 ,  1 ,  10,  and 100 kg and impact velocities 

of 20, 30, and 40 km/sec are considered. 

Several idealized initial thermal distributions (shown in figure 

2) were obtained by taking half of the intact melt and distributing it 

over the crater interior (the remainder being mixed and buried in the 

ejecta blanket). In profile Is (not shown) the melt is uniformly 

distributed as a layer of thickness hu over the surface of a disk having 

the same radius as the crater. In profile 2s a central zone with 71% of 

the crater radius has a melt layer of thickness 1.5 hu and the outer 

zone has thickness 0.5 hu. Profiles 2c and 2d have the melt distribution 

of 2s buried under layers of approximately 0.6 hu and 1.2 hu of unheated 

material. The grid for the integrations were scaled to give 6h = hu/5.  

Inpactors smaller than about 1 kg may not produce enough melt to 

fully line the crater surface. In this case the melt is mixed more or 

less uniformly with a surface layer with an initial surface temperature 

less than Tn^if Burial of the melt (thickness h) under a layer of 

thickness b rather than uniform mixing in a layer of thickness -(b + h) 

initially produces a weaker, cooler signal but once the overlying layer 

is heated the evolution of the two is very similar. With the burial of 

projectile density pp 

target density Pt 

heat capacity Cp 
Latent heat of melting L 

thermal conductivity k 

2900 kg/m^ 

2900 kg/m^ 

1000 J/kg/°K 
340 KJ/kg 

2 W/m/OR 
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profile 2d the thermal pulse from the melt layer reaches the surface in 

less than a second for a .1 kg impact. For a 1kg impact this time has 

increased to ~2 seconds. For the 100 gm intact it is possible that even 

profile 2d concentrates too much of the impact energy in the top few 

millimeters. For 100 gm in^jacts a profile 2e was introduced which buries 

the melt under 3 hu of cooler material. 

Laboratory [Love et al (1993)] and numerical studies [O'Keefe & 

Ahrens (1982)] confirm that much of the most highly shocked material 

displaced by the impact is deposited at the surface of the newly formed 

crater. This is also in agreement with findings from studies of 

terrestrial impact craters (>1 km) although here the situation is 

coit^licated by collapse and slun^>ing of the crater walls [Grieve 

(1987)]. This slumping mixes the initial (transient crater) surface 

layer with cooler, less shocked, material from deeper layers forming a 

breccia lens. Most of the hottest material remains near the surface but 

greater mixing takes place decreasing the maximum surface teirperature 

and signal strength though signal duration may not be strongly effected. 

All of the profiles for initial temperature distribution ignore 

material that is heated but not melted. Thus even small impacts should 

produce sufficient ^hot' material at or very near the surface to line 

the crater interior with material several hundred degrees hotter than 

the surroundings. With the material properties used here unexcavated 

melt represents about 20% of the total impact energy. The initial 

fireball and excavated material remove about half of the intact energy 

leaving 1.5 times the energy of the melt for heating additional material 

that is not considered here. The most likely effect of ignoring this 

energy is a modest increase in the duration of the signal. 
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Each of the various stages of crater formation has a 

characteristic timescale. It is ten^Jting to try to define a radiation 

timescale. The iit^jact energy W is initially radiated as blackbody 

radiation by material at or near the target melting temperature from the 

W 
crater floor. Thus r— should give an estimate of the duration of the 

observable signal. The effective initial ten^erature is somewhat 

dependent on impact velocity as higher velocities produce higher shock 

pressures. However for velocities in the range 20-35 km/s Tmeit is the 

effective initial temperature. Any vapor produced immediately dissipates 

in an initial fireball. Any surface material with a higher initial 

temperature cools to the melt ten^erature by radiation on a timescale 

considerably shorter than this. Buried melt with T > Tneit increases the 

duration of the signal without enhancing the initial signal strength. 

However due to the strong temperature dependence of blackbody radiation 

T^it is too large and the signal is detectable considerably longer than 

this estimate. Also a larger impact remains observable after cooling to 

a slightly lower surface temperature simply because of the greater 

radiating area. It was found that only 20-50% of the available energy is 

radiated at a detectable signal strength and that conduction is also 

important in determining the signal duration. 

With crater area AccW° (simple yield scaling gives DocW^, Pi 

scaling gives a crater diameter dependent on several parameters of the 

impact discussed later) initially covered with material at Tn^it the 

signal intensity is proportional to crater area. Any burial of melt 

requires heat to be conducted to the surface from the melt layer while 

the surface initially radiates at some lower temperature. Depending on 

the initial surface ten^erature and the depth of burial the maximum 



33 

signal strength occurs after some delay and at a characteristic 

ten^jerature somewhat less than Tneit- The maximum signal strength is 

correspondingly decreased. The duration of detectability is increased 

despite a larger fraction of the deposited energy being *lost' to 

underlying material. This energy is eventually radiated as a ten^erature 

anomaly too small to be remotely detected. 

The modeled spectral evolution of several in^acts is presented in 

figures 3-7 and summarized in tables 3 and 4. The spectra shown are 

labeled in seconds after the intact. The earliest curve shown is a few 

timesteps into the cooling integration and a solid crust may have had 

time to form allowing the surface temperature to fall below Tn«if The 

maximiom signal given in table 4 for the surface melt profiles is for 

time 0 when melt is still exposed. For the buried melt profiles the 

maximum occurs later in the evolution of the signal. Also shown on the 

plots are the background signals produced by 1 km^ radiating at 150 °K 

and by reflected earthlight. 

Table 3 gives basic impact properties obtained from the scaling 

laws. These include impactor mass and velocity, crater radius and area, 

quantity of melt produced, and total impact energy. 

Table 4 gives some results from the cooling integration and 

spectral calculations. The first three columns are the thermal profile, 

impactor mass and velocity. Hm* is the peak signal strength in Watts per 

ji of wavelength interval centered at X^ax-

The signal duration is somewhat arbitrary. Two times are of 

special interest. The radiative time (t^) is defined as the time after 

the intact when the signal at 3 |i has fallen to 1000 W/^. This is 

roughly the lower limit for a ^strong' signal which can be measured with 
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a high signal to noise ratio allowing the possibility of detailed 

analysis of the spectral signature to derive information about the 

impact. The detectahility duration, or simply the duration (t^) is when 

the signal at 4 n falls to about 20 W/^i. 4 pi is approximately the 

wavelength where the lunar nighttime thermal background and full 

earthshine are equal. An in5>act signal of 20 W/n is comparable to the 

background signal for an assxomed field of view of 1 km^ for each pixel. 

Hence this is the duration of a reliably detectable signal. 

The final column gives the initial thermal energy of the 

crater. A slightly warmed layer of overlying material in the initial 

profile causes the slight increase in energy of the profiles with buried 

melt. 

Figures 8-10 show vs. yield, radiative time vs. yield, and 

duration vs. yield for each of the three basic profiles {2s, 2c, and 

2d) . The best fit power law is also plotted. The power law parameters 

(F(W) = C W^) are: 

Profile: 2s 2c 2d 
C a C a C a 

29.3 0.526 66.5 0.385 15.6 0.402 
tr: 2.63e-07 0.942 1.99e-07 0.965 2.36e-07 0.964 
td: 1.71e-06 0.940 1.14e-06 0.968 1.04e-06 0.978 

Figures 11 and 12 show the fraction of the initial energy in each 

zone radiated during the cooling for several of the impacts. 

For the profiles with exposed melt there is a straightforward 

relationship between impact energy, initial signal strength, and cooling 

time. For the buried melt models the relationship is complicated by the 

heat pulse from the melt layer which must conduct to the surface before 

the maximum signal strength is reached. Real impacts likely produce a 

hot surface in which the melt is mixed rather than the cold layer burial 
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used here. This produces a roughly constant early signal until after the 

heat pulse reaches the surface and cooling begins. The cooling time is 

increased by the heat reservoir being less strongly coupled to the 

radiating surface even though this allows time for more energy to 

conduct to deeper layers. 

Most of the early scaling laws give diameter-yield relationship as 

a simple power law. Pi group scaling gives an expression for crater 

diameter explicitly containing the impactor diameter (or density) as 

well as mass and velocity raised to powers inconsistent with reduction 

to the form DocW^. For example with fixed material properties and 

velocity the Pi scaling diameter as a function of impactor mass is fit 

l - P  
by a power law with an exponent of —^— or 1/3.6. However, with fixed 

mass the velocity scaling exponent for crater diameter is 2P or 1/3.1. 

This study found detectability duration is fit by W raised to a power 

close to unity although the differing trends for mass and velocity can 

be seen. 

Figures 13 and 14 show comparisons of impacts with identical yield 

but different mass and velocity. The signal strength (W/n.) at 

wavelengths of 1, 1.5, 2, 3, and 5 n {shown by different line styles) 

during the cooling are shown. The 10 and 100 kg impacts at 20 km/sec 

produce somewhat larger craters than the corresponding 2.5 and 25 kg 

impacts at 40 km/sec. The amount of melt produced is the same at both 

velocities as given by the melt production law. At the higher velocity 

the peak signal strength is decreased and duration increased as a 



Table 3: Basic in^jact crater properties from scaling laws including 
in^actor mass, velocity, crater radius, crater area, mass of melt, and 
total impact energy-

m(kg) v()an/s) R(m) A(m^) Melt(kg) W(J) 
.1 20 .76 1.80 3.13 2e7 
1 20 1.44 6.53 31.3 2e8 
1 30 1.64 8.47 70.4 4. 5e8 
1 40 1.80 10.2 125 8e8 

2.5 40 2.33 17.0 313 2e9 
10 20 2.75 23.7 313 2e9 
10 30 3.13 30.7 704 4.5e9 
10 40 3.43 36.7 1250 8e9 

25 40 4.43 61.7 3130 2elO 
100 20 5.24 86.1 3130 2elO 
100 30 5.96 112 7040 4.5el0 
100 40 6.54 134 12500 8el0 
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Table 4: Results from heat flow integration and spectral signature showing initial 
profile, and projectile mass and velocity. 
M... and > ate the signal strength (watts/p.) and wavelength of the peak spectral density. 
tt is the radiative time or duration of 'strong' signal. 
td is the duration the signal is detectable against the thermal and reflected background. 
•̂Ic is the initial thermal energy of the impact melt in the 

prfl m v Mma i tr td 
2s .1 20 2.1e5 2 1.5 10 3.67e6 
2sa .1 20 l.leS 2 4 25 3.70e6 
2sb .1 20 5.2e4 2 10 70 3.67e6 
2c .1 20 3.8e4 2.5 1.5 10 3.90e6 
2d .1 20 1.2e4 3 2 10 4.09e6 
2e .1 20 1.5e3 5 1 12 4.72e6 

Is 1 20 7.5e5 2 10 60 3.73e7 
2s 1 20 7.5e5 2 20 90 3.73e7 
2c 1 20 1.2e5 2.5 20 100 3.97e7 
2d 1 20 3.9e4 3 20 120 4.16e7 

2s 1 30 9.7e5 2 40 280 8.26e7 
2c 1 30 1.4e5 2.5 55 350 8.76e7 
2d 1 30 4 .ee4 3 60 400 9.20e7 

2s 1 40 1.2e6 2 80 520 1.44e8 
2c 1 40 1.5e5 2.5 120 650 1.53e8 
2d 1 40 5.1e4 3 130 750 1.61e8 

2s 2.5 40 1.9e6 2 210 1200 3.62e8 
2c 2.5 40 2.3e5 2.5 250 1600 3.85e8 
2d 2.5 40 7.9e4 3 300 1800 4.04e8 

Is 10 20 2.7e6 2 80 500 3.60e8 
2s 10 20 2.7e6 2 120 800 3.eOe8 
2c 10 20 3.6e5 2.5 150 900 3.83e8 
2d 10 20 1.2e5 3 180 1100 4.01e8 

2s 10 30 3.5e6 2 320 2200 8.19e8 
2c 10 30 3.6e5 2.5 450 2800 8.71e8 
2d 10 30 1.3e5 3 480 3000 9.13e8 

2s 10 40 4.2e6 2 700 4300 1.46e9 
2c 10 40 3.8e5 3 900 6000 1.55e9 
2d 10 40 1.3e5 3.5 1000 6200 1.62e9 

2s 25 40 7.0e6 2 1500 9000 3.63e9 
2c 25 40 5.5e5 3 2000 11000 3.86e9 
2d 25 40 2.0e5 4 2200 13000 4.05e9 

Is 100 20 9.9e6 2 650 4100 3.63e9 
2s 100 20 9.9e6 2 1000 6000 3.63e9 
2c 100 20 8.9e5 3 1300 8000 3.86e9 
2d 100 20 3.1e5 3.5 1500 10000 4.05e9 

2s 100 30 1.2e7 2 2500 15000 8.15e9 
2c 100 30 8.6e5 3 3000 20000 8.67e9 
2d 100 30 3.0e5 4 3600 22000 9.09e9 

2s 100 40 1.5e7 2 4800 28000 1.46elO 
2c 100 40 8.1e5 3 6000 35000 1.55elO 
2d 100 40 3.0e5 4 7200 42000 1.62el0 
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thicker melt layer covers a smaller radiating area. The differences are 

subtle but are present for each of the thermal profiles. 

DETECTING THE IMPACT SIGNATURES 

A detector must meet several conflicting requirements to maximize 

the probability of observing the smallest detectable impacts. A large 

total field of view is needed to maximize the collecting area on which 

impacts are observed. A small field of view for each individual pixel is 

desirable to minimize the background signal from the lunar surface. At a 

wavelength of 4|i the point spread function of the detector optics is 

approximately 50|4.. This is larger than the pixel size of large format 

CCDs. The large PSF spreads the signal from the impact (nearly a point 

source) over several pixels while the uniform background signal is 

affected only by field of view. 

The maximum signal strength and contrast against the background 

occurs in the wavelength range 2-5 ji. Detector materials with good 

responsivity in this range include InSb and HgCdTe. These materials 

require cooling, typically to 77°K (liquid nitrogen) to minimize noise 

and dark current. By early 1996 an InSb array (256x256) with a noise 

equivalent power (the input signal power needed to achieve a signal to 

noise ratio of 1 in the total signal read out from the chip) of 10"^® 

W/Vhz at 5^ has been produced [Palmer (1996)]. This is very in^ressive 

performance but a larger format array (at least 512x512, preferably 

1024x1024 pixels) is highly desirable. An alternative to producing 

larger CCDs is to design the array to minimize the width of the strip 

between one edge of the chip and the photosensitive area. 2x1 and 2x2 

mosaics with acceptably small gaps between the individual CCDs are 
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feasible with this approach. The gaps need not be totally eliminated (as 

with a consumer oriented CCD camera) but simply reduced to a few percent 

of the width of the CCD. A detector array or mosaic of 800x800 pixels, 

with a 4On pixel size, and an NEP of 10"" W/Vhz throughout the 

wavelength range of 2-5[l (somewhat better at the long wavelength end) 

will be assumed in this discussion. 

Three possible settings for conducting observations are considered 

here: lunar orbit, earth orbit, and ground based. The basic 

characteristics of the detector have already been described and are not 

effected by the choice of setting. Optics, observing schedule, and the 

detectability threshold will depend on the setting. 

For a lunar orbiting probe a circular orbit with a height of 

approximately 2000km above the surface provides a good starting point. A 

total linear field of view of 800 km (800 pixels * 1 km/pixel) produces 

an angular field of view of 23°. This is small enough that at a 

wavelength of 4p. diffraction limited performance is possible with a 

simple single element optical design [Schroeder (1987)]. A strip 

extending approximately 400 km either side of the subsatellite track is 

scanned as the satellite passes overhead. The period of this orbit is 

5.7 hours, the subsatellite point has a velocity of .53 km/sec and a 

point within the strip remains in the field of view for 25 minutes. The 

satellite spends approximately half of each orbit above the nighttime 

hemisphere. An elliptical orbit with its apocenter positioned above the 

local midnight meridian could increase the dwell time over the nighttime 

hemisphere but this case will not be analyzed here. 

From a 2000km lunar orbit an image scale of 1km onto a 40^ pixel 

is obtained from optics with a focal length of 8 cm. With F/4 optics the 
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aperture diameter is 2 cm. The flux (in Watts) from a small distant 

source is [Wolfe and Zissis (1985)] 

jj. _ ( AfA) •AietoaBr 

~ TT H' 

(MA)source (the radiant exitance in W/m^ and area of the crater) for both 

the crater and 1 km^ of background are calculated and presented in the 

plots. Adececcoc (the aperture area of the optics imaging the crater onto 

the CCD) is 0.00031 m^. H is distance from source to detector. For a 

2000km orbit 1/itH^ = 8.0e-14, giving a signal on the detector of 2.5e-17 

* MAsource- It is also necessary to consider the point spread function of 

the optics. The diameter of the central disk of the Airy pattern for 

ideal optics is 2.44 X F# [Schroeder (1987)]. At a wavelength of 4p. and 

F4 optics this is 39|i. This will just fit on a pixel but most likely 

will distribute the signal over as many as 4 pixels. Hence the CCD can 

detect a signal from the lunar surface of le-17 / (.00031 * 8.0e-14 / 4) 

= 1.6W during an exposure of approximately 1 second with a signal to 

noise ratio of 1. This is below the thermal background at wavelengths 

longer than about S.Sp,. Earthshine, if present, sets the detection limit 

at wavelengths shorter than -4^. The lOOgm impact produces a signal 

stronger than this background for about 10 seconds. The signal duration 

(td) is nearly proportional to impact energy with some dependence on the 

depth of mixing of the melt. The profile 2d tj power law given earlier 

predicts that the an inpact of a 10 gm projectile at 20 Icm/sec should be 

detectable against the background for approximately 1 second. The signal 

(if centered on a single pixel) should be detectable in at least two 

successive measurements to distinguish the signal from a cosmic ray hit 



41 

or other spurious event. Thus a minimum mass of 30-50 gm should be 

reliably detectable with a low probability of false alarms. 

An image scale of 1 km/pixel from earth requires a focal length of 

15 meters. To achieve the F4 optical system of the previous example 

requires an aperture of 4m. While such instruments exist observing time 

on them is at a premium and their deployment in Earth orbit is quite 

costly- However telescopes in the one meter class dedicated to medium or 

long term projects are plausible. This size requires reflective optics. 

Some design optimization for use in the infrared is necessary. With a 

reflectivity of 98% throughout the near IR silver is the material of 

choice for the optical surfaces [Wolfe & Zissis (1985)]. The detector 

must be shielded from thermal emissions within the telescope. With an 

emissivity of .02 the optics must be cooled to approximately 175°K to 

suppress its thermal radiance at 4^. below the radiance of the 150°K 

lunar background. In Earth orbit this can probably be acconplished by 

passive cooling. Cooling a large ground based instrximent to this 

temperature is rather difficult. Earthshine will always be present when 

observing from the vicinity of Earth and will dominate the background at 

wavelengths shorter than 4n. 

An F4 instrument (to preserve the 40|J. Airy disk) with a focal 

length of 3.8 m (.95 m aperture) gives an image scale of 4 km/pixel, 

increasing the background by a factor of 16. The minimum detectable 

signal strength is le-17 / (.7 * 1/(7t 3.8e8 ^) / 4) = 26W. This is well 

below the background, now raised to approximately 400 W/(i. During the 

late stage of cooling the signal strength at time t is approximately 10% 

of its value at t/2. So the increased background for earth based 

detection causes a reduction of the signal duration td to about 1/3 of 
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the value given earlier by the power law. With the increased background 

the lOOgm impact is still detectable against the background for perhaps 

3 seconds, hence it the minimiam size that can be reliably distinguished 

from spurious signals. 

The 800x800 array with 4 km/pixel has a linear field of view of 

3200km or essentially the entire Earth facing hemisphere. Provision must 

be made to mask the sunlit portion of the lunar surface. The oblique 

view of much of this area reduces the projected area of an impact while 

leaving the (nearly lambertian) background unchanged. Thus the limiting 

size of detectable impact increases towards the limb. 

Any atten^t to detect impacts from a ground based observatory 

encounters the problems of observing through the atmosphere. The 

observations will be limited to atmospheric windows at 1.5-1.75^., 2.0-

2.4n, 3.4-4.15|i, and 4.5-5.0|i. Scattering of light from the sunlit 

portion of the Moon's disk will present some problem but should not 

prevent the observation. Rayleigh scattering is essentially absent at 

near IR wavelengths but Mie scattering from aerosols is still present. 

Also at 3 n the intensity of the solar spectrum has decreased to <2% of 

its peak value near 0.5 n. Scattering and thermal emission within the 

telescope must be controlled. Observing in the 4n window requires 

cooling the optics (assumed 98% reflective, emissivity e=.02) to near 

ITS'K to suppress their thermal radiance below the lunar background. 

However at 4n atmospheric radiance has a value of -.01 W/m^/sr 

(LOWTRAN 7, tropical model, h=4 km, elevation = 30°) which completely 

dominates the lunar thermal radiance (L=5e-6) rendering this window 

useless. In the 2-2.4(i window atmospheric radiance is less than le-3. 
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The earthshine background is approximately 7e-5. At 2|i the 1 kg impact 

signature is above this atmospheric background (lOx earthshine) for 3 to 

7 seconds depending on the melt burial. At 2ti it is not necessary to 

cool the optics. 

Observations (both Earth orbit and ground based) would be limited 

to roughly the period between last quarter to first quarter with an 

interruption at new moon due to the Moon's small elongation from the 

Sun. Observing periods from low orbit are somewhat more than half of 

each orbit, essentially continuous observing would be possible from a 

higher orbit. 

Ground based observations are limited to a few hours per night, 

decreasing toward new moon. A total potential monitoring time (dependent 

on season, latitude, and weather) of perhaps 30 hr per month is 

possible. For both space and ground based instruments it is necessary to 

shift the region being monitored away from the subearth point toward the 

lunar limb near quarter phase. Thus impacts would be observed obliquely 

rather than from approximately overhead causing a reduction in the 

impact signal strength, increasing the energy for the smallest 

detectable intact. 

The current estimated cumulative flux (particles/m^/sec) of 

objects at lAU in the range 10"^° < m < 10^ kg is [Melosh (1989) ] 

F = 2.5xl0-"x/n-'-'® 

Mass 
30 gm 

days/event/10®km^ 

1 kg 
2 kg 
4 kg 

100 gm 
200 gm 

. 8  
3 
7 
50 
100 
230 
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Setting the minimum detectable size at 30 gm for a lunar orbiting 

detector gives a flux of 1.5e-17/m^/sec. The lunar orbiting sensor as 

outlined has a field of view of 6.4ell m^ for an inpact rate of 9.6e-

6/sec or approximately 1 event per 1.2 days of observing time or 1 event 

per 2-3 days of mission time. 

For earth orbit the minimum detectable inpact averaged over the 

visible lunar surface is approximately 200 gm. A lunar hemisphere has an 

area of 17e6 km^. Very crudely averaged through the observing season of 

each month, somewhat more than 1/2 of this can be observed depending on 

the efficiency of the occulting system used to mask the sunlit portion. 

However the region very near the limb is also lost due to the very 

oblique viewing angle. Arbitrarily setting the limit at 75 degrees from 

normal leaves 74% of the visible disk. This gives 3/8 of the visible 

disk (6e6 km^) available for monitoring during half of each month. This 

gives approximately 10-14 events per month. 

For ground based observations the average minimum detectable size 

was found to be approximately 1 kg at the subearth point or 2 kg 

averaged over the visible hemisphere. Using the estimated monthly 

average area gives an estimated rate of 1 event per 17 observing days. 

This would take 1-1.5 years to accumulate. 

For larger impacts it may be possible to measure the signal with 

sufficient accuracy at several wavelengths during the cooling to obtain 

information about the impactor from its thermal signature. The signal 

strength and peak wavelength are diagnostic of the ten^erature of the 

radiating surface and its area. The decay rate of signal strength and 

change in peak wavelength gives information about the total energy and 

degree of burial and mixing of the melt. These simple 2 zone models 

allow for a radial variation in the vertical temperature profile. This 
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produces a departure from perfect blackbody emission on the order of 10% 

or more at some wavelengths. This can be qualitatively seen during the 

early warming phase of the 2c and 2d plots. There is also a slight 

departure from a blackbody spectrum due to composition of the surface 

material, however this can be corrected from lunar geochemical mapping 

data, e.g. from data returned by Clementine. Some refinement of present 

impact models may be necessary, particularly the determination of the 

thermal distribution within the crater at the end of excavation to fully 

analyze observed spectra. 
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Figures 3-7 

The calculated spectra for several impacts. 

The spectral distribution of radiated power in watts per micron as a 
function of wavelength is shown for the crater. 

The spectra are shown for various times {in seconds) after the intact. 
Curves for the first several times use different line styles (shown in 
lower right of each plot). For later times each spectral curve is 
labeled. 

Also shown are the spectra of thermal radiation from the surrounding 

lunar surface (assumed to be at a temperature of 150''K) and of reflected 
earthlight (the solar spectrum reflected from Earth at full phase). An 
area of 10® m^ (the assumed field of view per pixel of a lunar orbiting 
sensor) is used to scale these background spectra. 

The spectral evolution is shown for each of the three basic initial 
thermal profiles (2s, 2c, 2d) for in^acts of 1 kg at 20 and 40 km/sec 
and a 100 kg impact at 20 and 40 km/sec. 

In figure 7 the spectra for a .1 kg intact at 20 km/sec are shown for 
profiles 2s, 2d, and 2e. 
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Figures 8-10 

Mnaxr and td are plotted against yield for the three initial theremal 
profiles. 

Mbb* is the peak power in watts/ji emitted from the crater. 

tc is the time after the in^jact the signal at a wavelength of 3 n has 

decreased to 1000 watts/^. This is roughly the level at which the signal 
can be measured with sufficient accuracy to allow detailed analysis of 
the crater signature and its evolution at multiple wavelengths. 

td is the time at which the signal at 4 n has fallen to 20 watts/n. This 
is approximately the duration of reliable detectability of the crater 
signature against the background by the Ivmar orbiting sensor discussed 
in the text. 
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Figures 11-12 

For both zones the total energy radiated since the intact is shovm as a 
fraction of the initial thermal energy of the zone. Plots show Qrad / Qo 
for the three initial profiles with in^iactors of 1 kg at 20 and 40 
km/sec in Figure 11 and 100 kg at 20 and 40 km/sec in Figure 12. 
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Figures 13-14 

Impacts of identical yield with different mass and velocity are 

con^ared. The radiated power (watts/^) at 1, 1.5, 2, 3, and 5 microns 
during the cooling is shown for in^acts of 2e9 J (10 kg 20 km/sec and 
2.5 kg 40 km/sec) in Figure 13 and 2el0 J (100 kg 20 km/sec and 25 kg 40 
km/sec) in Figure 14. 

Different line styles are used for each wavelength. 
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4. CONCLUSIONS 

It has been shown that the infrared signatures of impacts on the 

lunar surface should be observable from lunar or earth orbiting 

spacecraft with an expectation of recording several events per year. The 

maximiim signal strength is strongly dependent on the depth of burial or 

extent of mixing of the impact melt as well as on in^>act energy, 

however, the duration that the signal remains detectable is 

approximately proportional to impact energy and only weakly dependent on 

melt distribution. 

Currently available detector technology and optics in lunar orbit 

(2000 km) should be able to detect 20 km/sec impacts of objects as small 

as -30 gm against the background of the lunar nighttime surface. A 

sufficiently large region (-640,000 km^) can be monitored for an 

expected event rate of 2-3 per week. A suitable choice of detector, 

optical design and orbital height could iit^rove this. 

It was also found that impacts as small as -100 gm at 20 km/sec 

should be detectable from earth orbit with a 1 meter instrument. 

Observing from the vicinity of Earth is restricted to times between 

roughly third and first quarter. Also much of the lunar surface is 

observed obliquely which decreases the projected area of newly formed 

craters close to the limb. However the background thermal and reflected 

radiation is nearly lambertian so the 100 gm lower limit will not be 

achievable over much of the visible lunar surface. Event rates of a 

dozen per month are expected for the orbiting instrument. 

Ground based observations are severely restricted by atmospheric 

opacity and thermal emissions. Observations are possible at an 

atmospheric window between 2 and 2.4^. Iit^acts of 1 kg objects at the 
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sub earth point should be detectable. In addition to the restrictions on 

lunar phase, observing time is limited by the need for the moon to be a 

at reasonable elevation above the horizon in a dark sky. Event rates of 

1 per 400 hours of observing time are to be expected. 

The optimum wavelength for detection of the smallest iir?)acts 

accessible to the detector is between 3 and 4 n. For the space based 

instruments, impacts larger than ~1 kg produce signal strength and 

duration which should allow multichannel measurements (between 1.5 and 5 

(i) of sufficient accuracy to estimate mass and velocity in addition to 

total energy. Inpacts of this size are expected at a rate of 

approximately once per 50 days per million km^. For the lunar orbiting 

sensor considered here this gives roughly two events per year. An earth 

orbiting spacecraft might see one *large' impact per month. 

A program to detect lunar impacts has several potential uses. It 

is possible to measure the flux of objects in a size range that 

previously has been only sparsely sampled. Any impacts of objects 

significantly larger than the -100 gm lower limit could be measured with 

sufficient accuracy for useful analysis of the impact. Measurements at 

multiple wavelengths during the cooling would allow an estimate of both 

impactor mass and velocity rather than just total energy. High precision 

multichannel measurements would be useful for refining impact and 

excavation models. Finally a catalog of fresh impact sites would be 

available for detailed onsite study upon our eventual return to the 

Moon. 
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